Chronic cerebral hypoperfusion is a risk factor for cognitive impairment. Reduced 25 blood flow through the common carotid arteries induced by bilateral carotid artery 26 stenosis (BCAS) is a physiologically relevant model of chronic cerebral 27 hypoperfusion. We hypothesized that BCAS in 20 week old Wistar Kyoto (WKY) 28 rats would impair cognitive function and lead to reduced endothelium dependent 29 dilation and outward remodeling in the parenchymal arterioles (PAs). After 8 30 weeks of BCAS, both short-term memory and spatial discrimination abilities were 31 impaired. In-vivo assessment of cerebrovascular reserve capacity showed a 32 severe impairment after BCAS. PA endothelial function and structure were 33 assessed by pressure myography. BCAS impaired endothelial function in PAs, 34 as evidenced by reduced dilation to carbachol. Addition of nitric oxide synthase 35 and cyclooxygenase inhibitors did not change carbachol-mediated dilation in 36 either group. Inhibiting CYP epoxygenase, the enzyme that produces 37 epoxyeicosatrienoic acid (EETs), a key determinant of endothelium derived 38 hyperpolarizing factor (EDHF)-mediated dilation, abolished dilation in PAs from 39 Sham rats, but had no effect in PAs from BCAS rats. Expression of TRPV4 40 channels, a target for EETs, was decreased and maximal dilation to a TRPV4 41 agonist was attenuated after BCAS. Together these data suggest that EETs 42 mediated dilation is impaired in PAs after BCAS. Thus impaired endothelium 43 dependent dilation in the PAs may be the one of the contributing factors to the 44 cognitive impairment observed after BCAS. 45
INTRODUCTION 53
Chronic cerebral hypoperfusion has been implicated in dementias ranging from 54 vascular cognitive impairment (20) to Alzheimer's disease (1, 12) . Animal models 55 of chronic cerebral hypoperfusion exhibit neuronal loss, white matter lesions, and 56 increased levels of reactive astrocytes (10, 28, 29) . Few studies have 57 investigated the effect of chronic cerebral hypoperfusion on the parenchymal 58 and the rat was decapitated. The brain was placed in ice-cold Ca 
Assessment of the structural and mechanical properties in PAs 200
After the end of the vasoreactivity studies the PAs were bathed in Ca 2+ -free 201 PSS containing 2mM ethylene glycol tetra acetic acid (EGTA) + 100μM SNP to 202 assess the passive structure of the vessels as described previously (3). A CCD 203 camera (Hitachi Kokusai Electric Inc., Japan), with number of effective pixels 768 204 (H) x494 (V), was connected to a video dimension analyzer (Living Systems 205 Instrumentation, Burlington, VT), a final magnification of x1100 was used. The 206 video dimension analyzer operates on the relative optical density changes of wall 207 structures at the chosen level of a pre-selected scan line. It was calibrated using 208 a stage micrometer according to the manufacturer's protocol. Lumen diameter 209 and wall thickness was measured after 5 minutes at each pressure step and 210 intraluminal pressure was increased from 3 to 180 mmHg in 20 mmHg 211 increments. Outer diameter was calculated as lumen diameter + left wall 212 thickness and right wall thickness. The wall-to-lumen ratio and circumferential 213 wall stress were calculated as described previously, as was the passive 214 distensibility (3). 215
216
Cannulation and assessment of the structural and mechanical properties of 217
PComAs. 218
The PComA was carefully dissected from the brain and transferred to a pressure 219 myograph chamber. A branchless segment of the PComA was cannulated 220 between two glass micropipettes as previously described (45). The structural and 221 mechanical properties of PComAs were assessed and calculated as described 222 for the PAs. Gaithesburg, MD). PCR was then performed using Taqman primer and probe 235 sets in a 7,500 real time PCR system (Applied Biosystem, Foster City, CA). Fold 236 changes in expression from Sham group were calculated using the 2 -Δ Δ CT 237 method (30) with β-2-microglobulin used as endogenous control (44). 238
239

Statistical analyses 240
Novel object recognition test, myogenic tone and resting lumen diameter data 241 were analyzed by Student's t-test or a non-parametric alternative if the data were 242 not normally distributed. Cerebrovascular reactivity, endothelium-dependent 243 dilation, passive and mechanical properties were analyzed by two-way ANOVA 244 followed by Sidak correction for multiple comparisons, or a non-parametric 245 alternative. Analyses were performed using the software GraphPad Prizm 6.0 (La 246 Jolla, CA, USA). 247
248
Chemicals and reagents 249
Acetazolamide was purchased from X-Gen (Big Flats, NY, USA). All other 251 chemicals and reagents were purchased from Sigma-Aldrich (Saint Louis, MO, 252 USA). 253
254
RESULTS: 255
BCAS impairs short-term memory and spatial discrimination abilities and 256 abolishes cerebrovascular reactivity 257 8 weeks of BCAS reduced the novel exploration quotient (Fig 2A) . BCAS rats 258 also showed reduced spatial discrimination abilities as evidenced by an 259 increased time to find the platform in the Morris water maze test (Fig 2B) . While 260
Sham rats showed significant improvement in learning abilities at the 3 rd week, 261
BCAS rats did not. 262
A scanning laser Doppler system was used to measure cerebral tissue perfusion 263 immediately after surgery and then after 8 weeks of BCAS. While perfusion fell 264 immediately in BCAS rats compared to Sham rats (Fig 3A) , there was no 265 difference in baseline mean perfusion between Sham and BCAS rats at the end 266 of 8 weeks ( Fig 3B) . Acetazolamide, a potent carbonic anhydrase inhibitor, was 267 used to measure cerebrovascular reserve capacity. The initial dilatory response 268 between Sham and BCAS did not differ, however tissue perfusion in BCAS rats 269
was not sustained and perfusion rapidly diminished in this group (Fig 3C) . 270
BCAS impairs endothelium-dependent dilation in PAs
There was no difference in myogenic tone generation between PAs from Sham 272 and BCAS rats (Fig 4A) . Endothelium dependent dilation, assessed using 273 carbachol, was impaired in PAs from BCAS rats compared to Sham rats (Fig 4B) . 274
Carbachol induced negligible dilation in PAs from BCAS rats. Endothelium-275 independent dilation to the NO-donor SNP was unaltered between PAs from 276 Sham and BCAS rats at the lower concentrations, however at the highest 277 concentration dilation in PAs from BCAS rats was impaired (Fig 4C) . EC 50 for the 278 SNP-mediated dilation did not differ between the groups. 279 280
Endothelium dependent dilation in PAs is NO and prostacyclin independent 281
Residual dilation after inhibition of NO and COX is considered to be EDHF 282 mediated (5). To assess whether EDHF is up-regulated as reported after 283 cerebrovascular insults (19, 32, 33) , L-NAME (10 Concentration-response curves to carbachol were generated to assess the 286 contribution of the NO and the COX dilatory pathways to dilation. In PAs from 287
Sham rats, carbachol-mediated dilation was unaltered in the presence of L-288 NAME and Indo (Fig 5A) . There was very little dilation in PAs from BCAS rats 289 with or without the inhibitors (Fig 5B) . M), an inhibitor of CYP450 epoxygenases, was added to the bath 294 before pressurization and development of myogenic tone, to inhibit EETs 295 production. Dilation of PAs from Sham rats was abolished when EETs production 296 was inhibited (Fig 5C) . There was no change in percent dilation in PAs from 297 BCAS rats with inhibition of the CYP450 epoxygenase (Fig 5D) . Dilation induced 298
by EETs may involve the activation of TRPV4 channels(13). Therefore, we also 299 assessed the effects of BCAS on dilation induced by the TRPV4 agonist, 300
GSK1016790A.
We found that dilation induced by GSK1016790A was 301 significantly impaired in Pas isolated from BCAS rats (Fig. 5E ). Myogenic tone 302 was unaltered in both the groups with the addition of the MS-PPOH (Fig 5F) . 303
304
BCAS did not induce remodeling the PAs 305
There was no difference in PA lumen diameter between BCAS and Sham rats 306 (Fig 6A) . There was also no difference in wall-to-lumen ratio between the groups 307 (Fig 6B) or any changes in any of the mechanical parameters such as 308 distensibility between the groups. 309 310
PComAs from BCAS rats exhibited structural remodeling 311
Passive structure and mechanics of the PComA was carried out for a 312 comparative analysis of the effect of BCAS on arteries and arterioles. The lumen 313 diameter of PComAs from BCAS rats was increased compared to Sham rats (Fig  314   7A) . BCAS had no effect on wall thickness (Fig 7B) but the wall-to-lumen ratio 315 was reduced in PComAs from BCAS rats (Fig 7C) . There was no change indistensibility (Fig 7D) or strain (Fig 7E) between the groups. PComAs from BCAS 317 rats had increased wall stress compared to PAs from Sham rats (Fig 7F) . 318 319 BCAS changed mRNA levels of key mediators in EETs dilatory pathway 320
To assess possible changes in EETs metabolism we measured the mRNA levels 321 of soluble epoxide hydrolase the enzyme that converts EETs into less active 322
DHETs. We also assessed the mRNA expression of the transient receptor 323 potential cation channel vanilloid 4 (TRPV4) which has been suggested to be the 324 downstream regulator of EETs-mediated dilation(13). Soluble epoxide hydrolase 325 mRNA expression was unchanged in the middle cerebral artery and arterioles 326 after chronic hypoperfusion (Fig 8A) . However, mRNA for this enzyme was 327 upregulated in the brain region surrounding the PAs from BCAS rats (Fig 8B) . 328
Expression levels of the mRNA for CYP2C11, the epoxygenase that forms EETs 329 from arachidonic acid were also increased by BCAS (Fig 8C) , whereas 330 expression levels of TRPV4 were reduced in the cerebral arteries and arterioles 331 from BCAS rats (Fig 8D) . 332
The novel finding of this study is that impaired dilation in the PAs is associated 336 with the cognitive impairment resulting from cerebral hypoperfusion. Although 337 tissue perfusion was restored 8 weeks after the stenosis, reserve dilation was 338 impaired and PA endothelium-dependent dilation was essentially abolished. This 339 impairment appears to be the result of reduced EETs mediated dilation.
Together, these results provide evidence that dysfunction in the EETs dilatory 341 pathway in PAs may be associated with the cognitive impairment observed with 342 chronic hypoperfusion. 343
344
BCAS impairs short-term memory and spatial discrimination abilities and 345 abolishes cerebrovascular reactivity 346
After 8 weeks of chronic cerebral hypoperfusion, spatial discrimination and 347 learning assessed using Morris water maze was impaired in BCAS rats. Carotid 348 artery occlusion causes a similar impaired short-term memory evident just 2 349 weeks after chronic hypoperfusion and learning deficits that persisted at least 3 350 weeks after cerebral hypoperfusion (29, 36 ). In the current study BCAS rats also 351 had an impaired ability to recognize novel objects using a test that evaluates 352 non-spatial short-term memory (14, 24) related to frontal-subcortical circuits. Normalization of resting cerebral tissue perfusion with persistent cognitive 377 impairment hinted at dysfunction at the level of parenchymal perfusion. In our 378 study endothelium-dependent dilation to carbachol was abolished and the 379 response to the highest concentration of the endothelium-independent dilator 380 SNP was reduced in PAs from BCAS rats. As there have been no other studies 381 assessing the temporal effects of hypoperfusion on the endothelium of the PAs, it 382 is difficult to surmise whether this impairment occurs during the acute or chronic 383 phase of BCAS. Studies in the literature suggest this may be an acute response. 384
In vivo assessment of the PAs 30 minutes after occlusion of carotid arteries 385 showed a reduction in their resting diameter (27), suggesting possible impaireddilation. Regardless of the onset, impaired dilation could play a role in the 387 development of the cognitive deficits observed in our model. Cognitive 388 impairment is observed after occlusion in a single PA (38). This may be due to 389 functional changes in PAs, which may alter homeostasis in the neurovascular 390 unit. Impaired dilation in a single PA may worsen the severity of hypoperfusion in 391 the brain parenchyma since there is little collateral flow in the PA network (37). 392
393
We observed no difference in myogenic tone in the PAs between the groups. 394 This is in contrast to the results obtained in a study using 4 weeks of unilateral 395 common carotid occlusion in 14 week old WKY rats where myogenic tone in the 396
PAs was reduced (49). The duration, and severity of the hypoperfusion, as well 397 as the age of the WKY rats used in this study may have negated this 398 compensatory decrease in myogenic tone. 399
400
BCAS impaired EETs mediated dilation in the PAs 401
We observed that endothelium-dependent dilation in the PAs was NO and COX 402 independent in the Sham rats. This suggests that EDHF, a dilator pathway that is 403 more prominent in smaller resistance arteries and arterioles compared to larger 404 conduit arteries (4, 15, 48), is a major contributor of endothelium-dependent 405 dilation in PAs from 28-week-old WKY rats. 
